In contrast to other globin genes, the human and rabbit ␣-globin genes are expressed in transfected erythroid and nonerythroid cells in the absence of an enhancer. This enhancer-independent expression of the ␣-globin gene requires extensive sequences not only from the 5 flanking sequence but also from the intragenic region. However, the features of these internal sequences that are responsible for their positive effect are unclear. We tested several possible determinants of this activity. One possibility is that a previously identified array of discrete binding sites for known and potential regulatory proteins within the ␣-globin gene comprise an intragenic enhancer specific for the ␣-globin promoter, but directed rearrangements of the sequences show that this is not the case. Alternatively, the promoter may extend into the gene, with the function of the discrete binding sites being dependent on maintenance of their proper positions and orientations relative to the 5 flanking sequence. However, the positive effects observed in gene fusions do not localize to a discrete region of the ␣-globin gene and the results of internal deletions and point mutations argue against a required role of the targeted discrete binding sites. A third possibility is that the CpG island, which includes both the 5 flanking and intragenic regions associated with the positive activity, may itself have a more general effect on expression in transfected cells. Indeed, we show that the size of the CpG island in constructs correlates with the level of gene expression. Furthermore, the ␣-globin promoter is more active in the context of a previously inactive CpG island than in an A؉T-rich context, showing that the CpG island provides an environment more permissive for expression. These effects are seen only after integration, suggesting a possible mechanism at the level of chromatin structure.
The tissue-specific expression of the ␣-and ␤-globin genes must be balanced and coordinated to ensure the formation of functional ␣ 2 ␤ 2 hemoglobin tetramers. Despite this requirement, these genes in both humans and rabbits are located on different chromosomes in contrasting environments and are regulated in distinctly different ways (14) . The human and rabbit ␤-globin genes are located in an AϩT-rich isochore, whereas the ␣-globin genes are in a GϩC-rich isochore (4) located near the termini of human chromosome 16 (6, 8) and rabbit chromosome 6 (48) . Furthermore, both the human (5, 16) and the rabbit (19) ␣-globin genes reside in a CpG island. The CpG island remains unmethylated in all tissues (5), a feature usually associated with ubiquitously expressed housekeeping genes. The ␤-globin gene does not contain a CpG island and is unmethylated only in expressing cells (40, 45) , typical of tissue-specific genes. The levels of expression of the isolated ␣-and ␤-globin genes in transfected cells are also different when the genes are out of their normal chromosomal context. Unlike the ␤-globin gene, the human and rabbit ␣-globin genes are constitutively expressed at a high level in transfected erythroid and nonerythroid cells without the addition of a viral enhancer (10, 21, 22, 25) .
When the ␣-globin gene is present in its normal chromosomal context, either as an endogenous gene in erythroid cell lines or in interspecific cell hybrids (mouse cells carrying human chromosome 16) (15) , it is properly regulated in a tissuespecific manner. However, as a transfected and isolated but intact gene, it is expressed in many different cell lines, as with a housekeeping gene. In contrast to the deregulated constitutive expression observed in transfected cell lines, the expression of even large DNA constructs with the ␣-globin gene is not observed in any tissue in transgenic mice (18, 29, 38) . The latter constructs lacked the distal, positive cis-regulatory element hypersensitive site (HS) Ϫ40, located 40 kb upstream of the ␣-globin gene cluster. When HS Ϫ40 is included, high-level expression of the ␣-globin gene is observed and it is restricted to erythroid cells. Thus, it is possible that the cis-regulatory signals responsible for inactivation of the ␣-globin gene in nonerythroid cells are outside the ␣-globin gene and/or must respond to some developmentally regulated process. Regardless of the mechanism for tissue-specific regulation, it is important to fully understand the ␣-globin gene promoter that responds to both positive and negative signals from other regulators.
A series of studies shows that part of the DNA segment required for the enhancer-independent expression of a transfected ␣-globin gene lies 3Ј to the transcription start site (the results presented in references 7, 10, and 22 are summarized by the first three sets of constructs in Fig. 1 ). Furthermore, reporter gene constructs promoted by the 5Ј flanking sequences of the ␣-globin gene that do show enhanced expression in the presence of HS Ϫ40 do not contain internal ␣-globin gene sequences (31, 36) , consistent with a role for internal sequences in enhancer-independent expression. Several possible explanations exist for the activity of this intragenic region. Binding sites for known transcriptional activators internal to the rabbit ␣-globin gene which may be responsible for its characteristic enhancer-independent expression have been identified (51) (summarized in Fig. 1 ). These discrete elements themselves may be acting as intragenic enhancers. In fact, internal enhancer sequences, which function regardless of their position or orientation, have been identified within a number of genes, including the mouse immunoglobulin heavy-chain genes (3) . Alternatively, these discrete protein binding sites may be integral parts of a promoter that extends into the gene, such that their orientations and positions relative to the 5Ј flank must be maintained. Intragenic regulatory sequences that operate in this manner have been identified within the genes for c-myc (49) and ribosomal protein L32 (1, 13) . A final possibility is suggested by the fact that part of the CpG island associated with the rabbit ␣-globin gene coincides with these positive-acting internal sequences. The CpG island may itself have a general positive effect on the transcription of the gene, without being affected by discrete, individual protein binding sites. This general effect may be mediated by a unique open chromatin structure characteristic of other CpG islands identified in vivo (e.g., reference 42).
In this paper, we show that the ␣-globin intragenic sequences possess no enhancer activity when they are assayed on an ␣-globin gene promoter. Tests of a series of rabbit ␣-globin-luciferase gene fusion constructs show that the positive effect of intragenic sequences on stable production of mRNA in transfected cells does not localize to discrete internal protein binding sites. Rather, the level of stable production of mRNA appears to parallel the amount of the CpG island included in the construct, suggesting a more general effect of the CpG island. We explore this notion further by testing the human ␣-globin promoter in CpG island and non-CpG island environments and find a strong positive effect of a juxtaposed CpG island in transfected cells. These effects are observed only after integration of the construct, which suggests a mechanism at the level of chromatin structure.
MATERIALS AND METHODS
Recombinant plasmids. The ␣-Luc construct contains a PstI fragment from the rabbit ␣-globin gene (nucleotides [nt] 5642 to 7238 in the sequence of GenBank accession no. M74142) that extends from Ϫ1096 to ϩ494 (the cap site is ϩ1) and that is fused in frame to the luciferase coding segment (nt 1757 to 45 from plasmid pGEM-luc from Promega). The fusion, which is at the 3Ј end of intron 2 of the ␣-globin gene, maintains the splice junction. This fusion results in a hybrid protein encoded by exons 1 and 2 of ␣-globin and the luciferase cDNA. The 3Ј end of the mRNA is encoded by nt ϩ544 to ϩ941 of the rabbit ␣-globin gene, which contains part of exon 3 and the 3Ј flanking sequences, thereby providing a polyadenylation signal fused to the 3Ј end of the luciferase coding region. Exon 3 of the ␣-globin gene is not translated in this construct, since the luciferase fragment contains the translation termination codon. The vector used in this construct was pBluescript I KSϪ (Stratagene). In the ␣p-Luc construct, the 5Ј flanking region of the rabbit ␣-globin gene, from the SacII site at Ϫ241 to the NcoI site at ϩ35 (nt 6517 to 6777 in the sequence of GenBank accession no. M74142), was inserted upstream of the luciferase coding region in the plasmid pGL2Basic (Promega). The start codon of the ␣-globin gene was deleted so that translation would begin in the luciferase gene. In the constructs ␣-Luc-[HS Ϫ40] and ␣p-Luc-[HS Ϫ40], a 1.4-kb EcoRI-HindIII fragment (nt 10708 to 12152 in the sequence of GenBank accession no. Z84722) containing the major control region, called HS Ϫ40, of the human ␣-globin gene cluster was inserted into the ␣-Luc and ␣p-Luc constructs downstream of the reporter cassette in the native orientation relative to the ␣-globin gene. In the construct ␣NH-Luc, the 5Ј flanking region of the rabbit ␣-globin gene from the SacII site at Ϫ241 to the NcoI site at ϩ35 (nt 6517 to 6778 in the sequence of GenBank accession no. M74142) was fused to the same luciferase-3Ј ␣-globin gene cassette used in the ␣-Luc construct. In ␣AH-Luc and ␣EH-Luc, the 5Ј flanking region fragment was extended to the AccI site at ϩ355 (in exon 2; nt 7103 in the sequence of GenBank accession no. M74142) and the EcoRI site at ϩ544 (in exon 3; nt 7292 in the sequence of GenBank accession no. M74142), respectively. Two hundred six base pairs extending from exon 1 (ϩ105) to exon 2 (ϩ309) were deleted from ␣-Luc to generate plasmid ␣(⌬e12)-Luc, thereby removing internal binding sites for YY1 (in exon 1) and Sp1 (in intron 1) and a conserved CAC motif in exon 2 (22, 52) .
The -Luc CpG island expression vector contains a 1.1-kb DraI-PstI fragment (nt 9113 to 10211 in the sequence of GenBank accession no. M74142) from the rabbit -globin pseudogene CpG island upstream of the luciferase-3Ј ␣-globin gene cassette, separated by a short synthetic duplex oligonucleotide containing KpnI and NheI sites. The L1-Luc non-CpG island expression vector was prepared by inserting the 1.5-kb EcoRI fragment from L10c7 (nt 541 to 2136 in the sequence of GenBank accession no. M93323), which is located upstream of the rabbit ε-globin gene (34) , upstream of the luciferase coding region in the plasmid pGL2Basic (Promega). Attempts to place the -globin gene CpG island into pGL2Basic were unsuccessful because of a high frequency of deletions between the CpG island and the Simian virus 40 (SV40) intron-polyadenylation cassette, but the CpG island was stably cloned upstream of the luciferase-3Ј rabbit ␣-globin gene cassette originally constructed for the ␣-Luc plasmid.
The short and long PCR fragments from the human ␣-globin gene's 5Ј flank (␣S and ␣L, respectively) were ligated between the KpnI and NheI sites of both vectors. This ligation yielded the ␣S and ␣L constructs containing CpG islands and the L1␣S and L1␣L non-CpG island vectors. The ␣S PCR primers were 5Ј-GGGGTACCGCGCCCCAAGCATAAACCCTG and 5Ј-GCTCTAGATGG GTTCTCTCTGAGTCTGTG, which yielded a product extending from nt Ϫ39 to ϩ35 relative to the human ␣-globin gene cap site with KpnI and XbaI ends that allowed ligation into the reporter gene vectors. The ␣L PCR primers were 5Ј-GC GGTACCCCCCGCCCGGGACTCCCCTGC and 5Ј-GCTCTAGATGGGTTC TCTCTGAGTCTGTG, which yielded a product extending from nt Ϫ130 to ϩ35 relative to the human ␣-globin gene cap site with KpnI and XbaI ends that allowed ligation into the reporter gene vectors. PCR mixtures consisted of 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 1.5 mM MgCl 2 , 0.2 mM each deoxynucleoside triphosphate, 0.5 M each primer, 10 ng of template DNA, and 2.5 U of Taq polymerase. The ␣L reaction mixtures also contained 10% dimethyl sulfoxide. A standard 35-cycle temperature profile was used, with a 60°C annealing temperature.
Transfection of cells with DNA. K562 cells grown in Dulbecco's modified Eagle's medium supplemented with 10% bovine calf serum, 2% penicillin-streptomycin, and 0.5 g of amphotericin B per ml were transfected by electroporation (27, 33) at 450 V and 500 F for 500 ms with a Promega electroporator. In transfections for transient expression of the luciferase gene, 5 ϫ 10 6 K562 cells were mixed with 10 g of test DNA, 10 g of pRSVlacZ (43) as a control for transfection efficiency, and 30 g of carrier DNA in a total volume of 700 l, electroporated, and harvested after 48 h of growth. In transient transfections in which luciferase RNA levels were measured by an RNase protection assay, 10 7 K562 cells were mixed with 50 g of test DNA, 20 g of B19CAT (from the laboratory of A. Nienhuis) as a control for transfection efficiency, and 30 g of carrier DNA in a total volume of 1 ml, electroporated, and harvested after 48 h. These amounts of test construct transfected were within the linear range of output response, as determined by a pilot transfection with titrating amounts of test construct. To generate pools of cells stably transfected with the luciferase constructs, 10 7 cells in a 1-ml suspension were mixed with 90 g of linearized test DNA and 10 g of linearized pM5neo (24) , which contains the gene for neomycin resistance driven by the promoter-enhancer of myeloproliferative virus M5. Twenty-four hours after electroporation, G418 was added to each culture to a final concentration of 1.2 mg/ml. Cultures were maintained until a pool of 10 7 G418-resistant cells per transfection culture was obtained, at which point the cells were harvested. Individual colonies were also picked from soft agar and expanded until they were harvested.
RNA analysis. RNA was isolated from transfected K562 cells by the guanidine thiocyanate-acid phenol procedure (12) . For stably transfected cells, equal numbers of cells were harvested from the transfected cell cultures. Equal yields of RNA were shown by an RNase protection assay for an internal control, endogenous human ␣-globin RNA, in a parallel analysis. Luciferase-encoding RNAs were detected by the RNase protection assay of Melton et al. (26) as described by Ausubel et al. (2) with a 176-nt probe generated against the 3Ј end of the luciferase region by transcribing pGEM-luc (Promega) digested with HpaII with T7 RNA polymerase in the presence of 30 Ci of [␣-
32 P]UTP. The fragments protected from RNase digestion were 125 nt long when they were annealed to transcripts generated from each of the constructs except ␣p-Luc, which yields a transcript leading to a 115-nt protected fragment. The amount of probe used was in excess, as determined by a pilot assay with titrating amounts of probe. The results of the RNase protection assays of luciferase-containing constructs were quantified from autoradiograms of the dried gels with a densitometer or by analysis with a PhosphorImager (Molecular Dynamics). For transiently transfected cells, the same amounts of RNA from each culture were assayed, as determined by A 260 measurements. RNase protection assay results from transiently transfected cells were corrected for transfection efficiency with the chloramphenicol acetyltransferase (CAT) activities in extracts from the cells. CAT assays were performed as described in the work of Ausubel et al. (2) by thin-layer chromatography.
Luciferase assay. Luciferase assays were performed on transfected cells as described in the Promega Luciferase Assay System technical bulletin. The same extracts prepared by this procedure were used to assay for ␤-galactosidase activity, as described by Sambrook et al. (39) , to correct for transfection efficiency. Determination of transgene copy number in K562 cell clones stably transfected with human ␣-globin-luciferase constructs. In order to determine transgene copy numbers in stably transfected K562 cell clones, Southern blots of genomic DNA digested with ClaI (-Luc constructs) or ClaI and SmaI (L1-Luc constructs) were performed as described in the work of Ausubel et al. (2) . Blots were prepared with a positively charged nylon membrane and 0.4 M NaOH transfer buffer and were probed with a random-primed labeled 1.1-kb EcoRI fragment of luciferase cDNA from the plasmid pGEM-luc (Promega). Copy number was calculated by comparison of the hybridization signal intensities as determined with a PhosphorImager (Molecular Dynamics) to those of copy number standards run on the same gel.
RESULTS
Intragenic rabbit ␣-globin sequences do not enhance luciferase expression driven by the rabbit ␣-globin 5 flanking promoter. Previous studies have shown that DNA segments containing protein binding sites from the 5Ј flank, intragenic region, and 3Ј untranslated region of the rabbit ␣-globin gene will enhance transient expression modestly when they are placed 3Ј to an SV40-CAT reporter construct (22) . Thus, we tested for possible enhancer effects of the intragenic ␣-globin gene sequences on the rabbit ␣-globin gene promoter itself. As shown in Fig. 2 , a fragment of the 5Ј flanking region of the rabbit ␣-globin gene beginning at Ϫ224 promotes a significant level of expression compared to that of the promoterless parental vector in transiently transfected K562 cells. As a positive control, the human ␣-globin major control region (HS Ϫ40)
Luciferase expression in K562 cells transiently transfected with rabbit ␣-globin-luciferase fusion constructs juxtaposed with intragenic rabbit ␣-globin sequences. The rabbit ␣-globin gene is shown with black boxes for exons, wide white boxes for introns, and thin white boxes for flanking sequences. The luciferase coding region is shown as the darkly shaded boxes labeled Luc. SV40 untranslated sequences are indicated by black boxes with white hatching, and the large-T-antigen intron is indicated by lightly shaded boxes. The fragment containing the human ␣-globin major control region (HS Ϫ40) is indicated by white boxes with black hatching. Fragments from the rabbit ␣-globin gene were placed 5Ј to the luciferase coding region driven by the rabbit ␣-globin promoter. A fragment containing the human ␣ HS Ϫ40 was inserted 3Ј to the fusion gene. Transfections were performed in triplicate. A construct encoding ␤-galactosidase was cotransfected as an internal control. The graph plots the means of triplicate determinations, and the error bars show the standard deviations. The units are relative light units per second for the luciferase assay divided by relative light units per second for the chemiluminescent ␤-galactosidase (␤-Gal) assay. A promoterless luciferase vector (Luc) was included to determine the background level of expression. The mock transfection contained only carrier DNA. pA and poly A, polyadenylation site; ex1 to ex3, exon 1 to exon 3. was found to confer a strong (ϳ30-fold) positive effect on expression, which shows that this rabbit ␣-globin 5Ј flanking DNA segment is capable of responding to an enhancer. This result is consistent with the results of earlier studies with human ␣-globin gene constructs (31, 36, 47) . In the test shown in Fig. 2 , two different segments of internal sequence, one including parts of exon 1, intron 1, and part of exon 2 and the other including part of exon 2, intron 2, and exon 3, were juxtaposed with a rabbit ␣-globin-luciferase gene fusion construct and tested for expression. Each segment has multiple discrete protein binding sites (51) . Neither intragenic segment had a large effect on reporter gene expression, with the 5Ј half showing at most a twofold effect. The absence of a strong effect of the internal ␣-globin gene sequences argues that they do not fulfill the operational definition of an enhancer, i.e., they do not increase expression in a position-and orientation-independent manner in transiently transfected cells. Although it is formally possible that the tested segments may not include all the sequences required for enhancement, results of previous studies showing no positive effect of the entire ␣-globin gene on targeted promoters argue against this interpretation (22) .
Both 5 flanking and intragenic DNA sequences contribute to high-level expression of the ␣-globin gene in an integrationdependent manner. The intragenic sequences may serve as part of the promoter that extends into the gene, such that they function only in the proper position and orientation. This possibility was tested by fusing incrementally larger amounts of ␣-globin intragenic sequences to a luciferase reporter gene. The ␣-globin gene fragments in this series begin 224 bp before the cap site (Fig. 3A) . Some of the internal ␣-globin gene sequences included in these constructs are coding regions; thus, expression of these reporter constructs results in the formation of ␣-globin-luciferase hybrid proteins. Previous studies showed that some of these hybrid proteins, particularly those with significant amounts of globin polypeptide fused to luciferase, could alter enzymatic function (22) . Thus, we could not compare different hybrid genes by their enzymatic activities, and expression from these constructs was measured by nuclease protection assays of stable RNA.
When these constructs were tested prior to integration in transiently transfected cells, the smallest ␣-globin gene fragment with almost no intragenic DNA (plasmid ␣NH-Luc) produced almost as much RNA as a construct extending from Ϫ1096 through exon 2 (␣-Luc) (Fig. 3A) . Incremental inclusion of more internal DNA sequences (plasmids ␣AH-Luc and ␣EH-Luc) produced amounts of RNA that did not differ significantly from that from ␣-Luc. These data contrast with our earlier results with ␣-globin-␤-globin fusion genes (22) , suggesting that the ␤-globin gene sequences may be significant factors in our observation of the effects of ␣-globin intragenic sequences in these hybrid genes tested in transient-expression experiments. In addition, an internal ␣-globin gene deletion that removes the protein binding sites in the 5Ј half of the intragenic region [plasmid ␣(⌬e12)-Luc] (Fig. 3A) had no significant effect on RNA level. Thus, the promoter in the Ϫ224-to-ϩ35 DNA fragment is active in transiently transfected K562 cells, and additional 5Ј flanking and intragenic sequences in their natural positions had no effect in this assay, arguing against their involvement in an extended promoter. This conclusion is consistent with earlier results (summarized in Fig. 1) showing that mutation of the internal YY1 binding site has no effect on transient expression of an ␣-globin gene fragment beginning at Ϫ1096 (50).
Strikingly different results were seen when the series of ␣-globin-luciferase genes were tested for expression after integration in stably transfected cells. Inclusion of internal sequences in their natural positions, as well as a larger amount of 5Ј flanking sequences (to Ϫ1096) in plasmid ␣-Luc produced a large increase in expression over that of the Ϫ224-to-ϩ35 ␣-globin promoter construct, ␣p-Luc (Fig. 3B) . The ␣-Luc construct generated abundant RNA in transfected cells (as shown by the 125-nt protected fragment), whereas the ␣p-Luc construct, with no internal sequences, was barely detectable in this assay (115-nt protected fragment) even though it did produce measurable luciferase in these stably transfected cells (data not shown). This effect does not result from the different 3Ј ends used in these constructs, since the Ϫ224 promoterluciferase reporter gives the same level of expression with either 3Ј end (compare ␣p-Luc with ␣NH-Luc in Fig. 3C and  4B ). These results argue that elements in either the 5Ј flank or intragenic segments or both play a role in increasing expression of the ␣-globin gene after stable integration. However, deletion of prominent intragenic protein binding sites in plasmid ␣(⌬e12)-Luc had no negative effect on RNA levels (Fig. 3B) . Quantitation of the results in Fig. 3B with a ␤- 
In order to further define the boundaries of the positive intragenic sequences in this stable transfection system, a series of rabbit ␣-globin DNA fragments beginning at Ϫ224 and extending incrementally into the gene were fused to the luciferase cassette (Fig. 3C) . When expression of these constructs was tested in pools of stably transfected K562 cells, the level of RNA produced increased as more intragenic sequence was included in the construct (Fig. 3C and 4B) . However, none of the constructs with promoters beginning at Ϫ224 produced as much RNA as did ␣-Luc, which begins at Ϫ1096 and has a 3Ј endpoint similar to that of ␣EH-Luc. These transfections were repeated several times with similar results. The fact that the progressive inclusion of more internal ␣-globin gene sequences did not produce a strong, punctuated positive effect shows that the positive regulatory elements are not tightly localized to a discrete region (or that the breakpoints chosen separated the discrete elements). The inability to restore levels of expression to that of the full-length ␣-Luc construct shows that the internal protein binding sites are not sufficient for high-level expression of the ␣-globin gene in stably transfected cells. Instead, the effect appears to involve both 5Ј flanking and intragenic sequences.
The boundaries of the rabbit ␣-globin CpG island were measured more precisely so that the extent of this island included in the constructs could be determined (Fig. 4A ). We found that the level of RNA detected in the stably transfected K562 cell pools paralleled the amount of the CpG island included in the constructs (Fig. 4B) . This result suggests that the observed positive effect of both intragenic and flanking sequences results from their extending the amount of CpG island in the construct, rather than from exclusively bringing in discrete binding sites for transcriptional activators.
Extensive 5 flanking and internal ␣-globin gene sequences and stable integration reduce the response to HS ؊40 in transfected cells. Expression from the promoter contained in the rabbit ␣-globin gene fragment extending from Ϫ224 to ϩ35 (␣p-Luc) is enhanced 30-fold by HS Ϫ40 in transiently transfected K562 cells (Fig. 2) . However, addition of HS Ϫ40 to a construct with extensive 5Ј flanking and internal sequences (␣-Luc) does not significantly increase the level of expression in transiently transfected cells (Fig. 3A) . The effect of the enhancer could also be measured by luciferase activity in this case, since the ␣-globin-luciferase hybrid reporter genes in the two plasmids are identical. This assay confirms the absence of strong enhancement by HS Ϫ40 on expression of ␣-Luc in transiently transfected cells, with 725 Ϯ 483 RLU s Ϫ1 /A 420 for four determinations on ␣-Luc compared to 1,580 Ϯ 334 RLU s Ϫ1 /A 420 for four determinations on ␣-Luc-[HS Ϫ40]. In stably transfected cells, the addition of HS Ϫ40 to ␣-Luc produces only a fourfold increase in the amount of RNA (Fig. 3B) . In fact, the amount of RNA in stably transfected cells from the enhancerless plasmid ␣-Luc exceeds that from ␣p-Luc-[HS Ϫ40], which is only twofold greater than the very low level of RNA from ␣p-Luc (Fig. 3B) . Thus, although the effect of HS Ϫ40 on expression of the ␣-Luc construct is small in both transiently and stably transfected cells, it has a very strong positive effect on the ␣p-Luc construct prior to integration (Fig. 2) .
The CpG island from a -globin pseudogene has an integration-dependent positive effect on the level of expression of the reporter gene driven by human ␣-globin promoter fragments. If the CpG island has a general positive effect on transcription, we reasoned that placement of ␣-globin gene promoter fragments in an inactive CpG island should produce a higher level of expression than placement of the same fragments in a transcriptionally inactive AϩT-rich region. The rabbit -globin gene served as a source of an inactive CpG island. This ␣-like globin gene retains a CpG island (19) but does not encode a known, functional globin (11) . No detectable transcription from this CpG island was observed in cellfree assays (11), in nuclear run-on assays in rabbit fetal liver cells (44) , or in stably transfected K562 cells (data not shown). It lacks the 5Ј flanking and intragenic protein binding sites seen in the ␣-globin CpG island due to numerous point mutations and sequence replacements. Thus, by testing whether promoter fragments from the ␣-globin gene could reactive the CpG island from the ␣-globin pseudogene, we could address whether the specific protein binding sites present in the ␣-globin CpG island (and missing in the -globin CpG island) are required for its effect, or whether another CpG island can substitute for the ␣-globin CpG island. The 1.1-kb -globin CpG island was placed upstream of a luciferase reporter cassette, separated by a short synthetic cloning site into which minimal and longer human ␣-globin gene promoter fragments were inserted (␣S-Luc and ␣L-Luc) (Fig. 5) . For comparison, a 1.6-kb AϩT-rich, non-CpG island fragment from an L1 element in the rabbit ␤-globin cluster (34) was used in place of the -globin gene segment (L1␣S-Luc and L1␣L-Luc) (Fig. 5) . The different 3Ј ends of the -Luc and L1-Luc constructs were necessary due to the instability of certain combinations of sequences experienced during cloning. Specifically, frequent deletions between the -globin gene and SV40 sequences on the same plasmid were seen after transformation of Escherichia coli. However, the combination of the ␣-globin gene and SV40 3Ј ends results in similar levels of production of message from the same ␣-globin-luciferase reporter fusion ( Fig. 3C and 4B ; compare ␣p-Luc with ␣NH-Luc). Translation of transcripts from both the -Luc and L1-Luc series of constructs begins at the normal start codon of the luciferase cDNA, so the variability in activity seen with different ␣-globin-luciferase hybrid proteins is not a factor in these experiments.
Expression of these constructs was first assayed in transiently The source for the 1.1-kb CpG island is the rabbit -globin pseudogene (r). The non-CpG island sequence is a 1.6-kb L1 fragment from the rabbit ␤-globin gene cluster (r␤). The different 3Ј ends of the constructs were necessary due to sequence incompatibilities encountered during cloning and result in similar levels of production of stable message (Fig. 3B , compare ␣p-Luc with ␣NH-Luc). MCS, multiple cloning sites; r␣, rabbit ␣-globin gene cluster; UTR, untranslated region; pA, polyadenylation site. (B) Human ␣-globin (h␣-globin) gene PCR fragments used to promote the expression of the luciferase reporter gene in the CpG island and non-CpG island expression vectors. Short (␣S) and long (␣L) PCR fragments from the human ␣-globin promoter were inserted into each vector (␣S-Luc, ␣L-Luc, L1␣S-Luc, and L1␣L-Luc). The locations of protein binding sites identified in the human ␣-globin 5Ј flank relative to the PCR fragments, along with the start sites for transcription and translation, are shown. transfected K562 cells. As expected, the longer human ␣-globin promoter fragment conferred a higher level of expression than did the minimal promoter fragment in each vector, but there was little difference in expression from either promoter fragment between the CpG island and AϩT-rich vectors (Fig.  6A ). This observation is consistent with our assumption that neither this CpG island nor the L1 fragment contains binding sites for trans-activating proteins capable of stimulating expression of the ␣-globin gene promoter. The rabbit ␣-globin promoter fragment (in ␣NH-Luc), which extends about 95 bp farther 5Ј than the homologous human ␣L promoter fragment, conferred a level of expression similar to that of ␣L (Fig. 6A) .
Since the effects of ␣-globin gene fragments were stronger in stably transfected cells, the CpG island and non-CpG island constructs containing human ␣-globin promoter fragments were tested after stable integration into K562 cells. Luciferase activities were assayed initially in pools of transfected cells. In contrast to the similar results with both types of vectors in transiently transfected cells, a dramatic positive effect of the CpG island environment was observed after integration (Fig.  6B) . The levels of expression of ␣S-Luc and ␣L-Luc were substantially greater than those of the corresponding promoters in the L1-Luc vector, with an average difference of about 20-fold for the ␣S promoter and about 8-fold for the ␣L promoter. This shows that the -globin pseudogene CpG island provides a permissive environment for expression after integration, similar to that seen in the ␣-globin gene CpG island experiments (Fig. 3C and 4) . Thus, the specific protein binding sites present in the CpG island from the ␣-globin gene and missing from that of the -globin pseudogene are not required for the integration-dependent, positive effect of the CpG island. Rather, the positive effect appears to result from the unique sequence character of the CpG island. The fact that both the shorter and longer human ␣-globin promoter fragments expressed at a higher level in the CpG island environment shows that a minimal promoter (i.e., TATA box and initiator), rather than extensive 5Ј elements, is sufficient for the response.
In order to determine if the expression levels in the pools of stably transfected cells truly represented the average levels in the populations of cells, individual clones of transfected K562 cells were isolated. Both the amount of luciferase activity and the number of copies of the reporter gene integrated were measured, and the luciferase expression per copy was determined. Because the data were heteroscedastic and skewed by high outliers, a logarithmic transformation was necessary for statistical comparison of the sets of clones; thus, the geometric mean, rather than the arithmetic mean, was calculated for the FIG. 6 . Luciferase expression in K562 cells transfected with human ␣-globin-luciferase fusion constructs in CpG island and non-CpG island environments. (A) Transient expression from unintegrated constructs. Transfections were performed in triplicate. Expression was assayed and normalized for transfection efficiency as described in the legend to Fig. 2 , except that the units are relative light units per second for the luciferase assay divided by A 420 for an ONPG ␤-galactosidase (␤-Gal) assay. The promoterless -Luc () and L1-Luc (L1) vectors were included to determine the background levels of expression. r␣, rabbit ␣-globin gene. (B) Stable expression from integrated constructs. Plasmids were stably integrated into K562 cells in triplicate, and luciferase activities were assayed in pools of transfected cells. data sets. As shown in Table 1 , the mean levels of luciferase expression per copy for the sets of clones were congruent with the relative levels of expression seen in the pools of stably transfected cells. Again, both ␣-globin gene promoter fragments displayed much higher activities in the context of a CpG island.
DISCUSSION
The many studies of ␣-globin gene expression have generated a rich literature, but the data are difficult to fully assimilate because of multiple confounding factors, with variation among experiments in the portion of the ␣-globin gene present, type of reporter gene, integration and replication statuses of the template, and presence or absence of different enhancers. Thus, we still do not have a clear definition of all the regulatory regions, their boundaries, and their roles. Current data implicate at least four distinct regulatory regions: the distal HS Ϫ40 major control region, the distal 5Ј flank (upstream of Ϫ85), the proximal promoter (extending 5Ј to about Ϫ100), and internal gene sequences (summarized in Fig. 7) .
The first 100 bp of the 5Ј flanking region is conserved among human, rabbit, goat, and mouse ␣-globin genes (51), and starting at Ϫ85 it contains binding sites for the proteins CP1, Sp1, ␣IRP, and TBP (or TFIID) (23, 51) . This latter region (Fig. 7) is required for expression in transfected cells, as shown by deletional analysis of the human (25) and mouse (23) genes, point mutations in the human gene (37) , and replacements of the rabbit gene sequences (22) . When it is present with the rest of the ␣-globin gene, this promoter is active in the absence of an added enhancer in transiently transfected, nonerythroid COS cells (21, 25) and in both erythroid MEL cells and nonerythroid HeLa cells after stable integration (10) . Further gene fusion studies showed that sequences internal to the ␣-globin gene (Fig. 7) were needed for this enhancer-independent expression, both for the human gene in stably transfected MEL cells (10) and transiently transfected K562 cells (7) and for the rabbit gene in transiently transfected K562 and HeLa cells (22) . The intron sequences of both the human and rabbit ␣-globin genes are very GϩC rich and contain multiple binding sites for Sp1, exon 1 has a binding site for YY1, and some parts of the exon sequences show very few synonymous substitutions; all of these observations are suggestive of a conserved internal regulatory region (51) . However, the positions of the Sp1 binding sites are not precisely conserved between human and rabbit. These studies implicate both proximal 5Ј flanking sequences and internal sequences as positive cis-regulatory elements.
The results in this paper show that the internal sequences are not enhancers of the ␣-globin gene promoter. Furthermore, although the internal sequences have binding sites for proteins such as YY1 and Sp1, those sequences are not essential binding sites for trans-activators that confer enhancer-independent expression on the promoter. If the latter were the case, then incremental increases in the amount of internal sequences would generate a stepwise boost to full activity when these sequences were included in the construct. That boost is not seen, but rather the level of expression is proportional to the amount of CpG island sequences present. Furthermore, mutation or deletion of the YY1 and Sp1 binding sites had no effect in the context of a large ␣-globin gene DNA fragment containing all of the CpG island.
A distal major regulatory element located 60 kb upstream, called HS Ϫ40, is required for erythrocyte-specific expression of the human ␣-globin gene in transgenic mice (20) . When HS Ϫ40 is added to reporter genes promoted by the proximal 5Ј flanking sequences of the human ␣-globin gene (but not including internal sequences), it enhances expression in transiently transfected erythroid cells (31, 36) . We also found that HS Ϫ40 enhances transient expression up to 30-fold from the rabbit ␣-globin gene 5Ј flanking sequences extending to Ϫ224. However, when both more extensive 5Ј flanking and internal sequences are included in the construct (e.g., ␣-Luc), inclusion of this major regulatory region has at most a two-to fourfold effect. This is comparable to the effect of the SV40 enhancer on the transient expression of an intact rabbit ␣-globin gene in K562 cells (11, 22) and a human ␣-globin gene in a replicating system in HeLa cells (47) . One possible explanation for this a K562 cell clones were stably transfected with human ␣-globin-luciferase fusion constructs in CpG island and non-CpG island environments. GM, geometric mean luciferase expression per copy, expressed in relative light units per second. L1 and L2, lower and upper 95% confidence limits of the geometric mean, respectively. loss of enhancement in transient transfections is that the more extensive CpG island sequence alters the interaction between factors bound at the ␣-globin promoter and at HS Ϫ40, reducing the net positive effect of HS Ϫ40 on gene expression. Indeed, regions of the CpG island are bound by a complex array of proteins in nuclear extracts (51) , and it is possible that these proteins interfere with the enhancement of the ␣-globin gene promoter by HS Ϫ40 prior to integration.
Interestingly, we saw little effect of HS Ϫ40 on the ␣-globin gene promoter in stably transfected K562 cells, regardless of the extent of flanking and intragenic sequences. This result contrasts with HS Ϫ40's strong positive effect on the expression of the human ␣-globin gene in stably transfected MEL cells upon induction (20, 32) . The very modest effect of HS Ϫ40 in stably transfected K562 cells may have multiple causes. First, the ␣-Luc plasmid, which has the entire CpG island, expresses at a high level after stable integration in the absence of HS Ϫ40, and the presence of this enhancer may be incapable of further substantial increases in expression. Consistent with this interpretation, constructs that do show a strong positive response to HS Ϫ40 in stably transfected K562 cells are not expressed at a detectable level in its absence (32) . Second, the effect of HS Ϫ40 after stable integration in MEL cells is seen after induction (20, 32) , and in the absence of HS Ϫ40, expression of the human ␣-globin gene does not increase upon induction of stably transfected MEL cells (10, 20) . Our experiments did not address effects on inducibility in K562 cells. The requirement of HS Ϫ40 for high-level expression of an intact ␣-globin gene in transgenic mice may reflect a role for HS Ϫ40 in a developmental process that is mimicked by its effect on induction in MEL cells but is not seen in our K562 cell stabletransfection assays.
Sequences upstream of the ␣-globin gene promoter (Fig. 7 ) also contribute to its full level of expression, evidenced by the threefold negative effect of deleting this region from the ␣-Luc construct (in plasmid ␣EH-Luc). This effect was observed only in stably transfected cells, as for the intragenic sequences. This region is highly GϩC rich and comprises a third of the CpG island, but there is little sequence conservation beyond these features (19, 51) . Recently, Pondel et al. (32) showed that part of this GϩC-rich region between Ϫ267 and Ϫ85 of the human ␣-globin gene is needed for inducible expression of constructs after stable integration into MEL cells when it is enhanced by HS Ϫ40. It is important to note that the constructs in these latter experiments did not contain internal sequences (the promoter fragments end at ϩ17 of exon 1), and only background levels of expression were observed in the absence of induction of MEL cells or in the absence of HS Ϫ40 in K562 cells. However, both the experiments reported here and those of Pondel et al. (32) , using significantly different constructs and assay systems, revealed integration-dependent and presumably chromatin-associated effects of the 5Ј flanking portion of the CpG island. Furthermore, we show that another CpG island from the inactive -globin gene also supports high-level expression of the ␣-globin gene promoter and this effect is seen only after integration. Thus, it is clear that the extents of the surrounding or adjacent CpG island sequences play a major role in determining the activity of the promoter of the ␣-globin gene.
The integration dependence of this CpG island effect may reflect differences in the degrees of chromatinization of unintegrated, nonreplicating constructs and integrated constructs. It is known that nonreplicating circular DNA molecules are readily assembled into nucleosomes upon transient transfection (9, 35) . However, at most 60 to 70% of the transfected plasmids reaching nuclei are assembled into chromatin and at the concentration of transfecting DNA typical of gene expression analysis, an even smaller fraction of the transfected templates are assembled (35) . In contrast, the selection of stably transfected cells ensures that all templates are integrated and thus should be assembled into chromatin. Furthermore, transfecting DNA can integrate into genomic locations of repressive chromatin, which may negatively affect expression of the transgene. It should be noted, however, that extremely strong negative effects would also prevent expression of the cointegrated selectable marker, eliminating these clones from a pool of stably transfected cells. Beyond nucleosome formation, other nuclear structures, such as the anchoring of genomic subdomains to the matrix, may affect expression of stably but not transiently transfected DNA. Therefore, in the context of certain reporter gene constructs, the activity of CpG island sequences may require the greater potential for the formation of repressive chromatin that is possible upon integration into the host cell genome.
One could hypothesize that the unique decondensed chromatin structure found at CpG islands in vivo (42) is a function of properties inherent in CpG island DNA due to its unique sequence character. This activity could then insulate resident promoter sequences from the formation of repressive chromatin, resulting in a greater frequency of expressing templates in a population of transfected cells. In fact, we have shown in a complementary study that CpG island DNA has a lower affinity for nucleosome formation in vitro than does non-CpG island DNA (41) , supporting the hypothesis that the positive effect of CpG island DNA on gene expression is exerted at the level of chromatin structure. Furthermore, the disparity in histone affinity between CpG island and non-CpG island DNAs increases with the length of the template fragment (41), a correlation that is similar to that between the length of CpG island sequence and its positive effect on gene expression. Considered together, these results suggest that the functional effect of CpG island DNA from the ␣-globin gene cluster is mediated at least in part by the unique structural properties of its sequence composition, which may affect the competition for binding at these loci between chromatin-associated proteins and transcription factors.
A different hypothesis for the effect of upstream sequences of the ␣-globin CpG island has been presented by Pondel et al. (32) , who argue that the binding of Sp1 to the segment extended from positions Ϫ267 to Ϫ85 alters the chromatin structure around the ␣-globin gene promoter to allow transcription. Although only Sp1 was observed to bind to this segment in vitro and the effect of the sequences extending from positions Ϫ267 to Ϫ85 in stably transfected cells can be mimicked by a set of six Sp1 binding sites (32) , integration-dependent activities of Sp1 binding sites in any context have yet to be demonstrated. In contrast, the ability of Sp1 to activate transcription of transiently transfected constructs is well established (e.g., 28, 30, 46, 52) . Further, although CpG islands have a high density of Sp1 consensus binding sites, there is evidence to suggest that only a subset of them actually bind Sp1 in vivo (37) . The 5Ј flanking sequences of both the human and the rabbit ␣-globin genes are very GϩC rich, with short matches to the region from Ϫ267 to Ϫ85 distributed throughout the rabbit ␣-globin CpG island. If the effects of the region from Ϫ267 to Ϫ85, or internal sequences for that matter, were solely the result of Sp1 binding, then those Sp1 binding sites should have been conserved in human, rabbit, goat, and mouse, just like the CP1 and ␣IRP binding sites (51) . However, the Sp1 binding sites in the region from Ϫ267 to Ϫ85 are not conserved. Furthermore, the footprints in the ␣-globin gene 5Ј flank generated by K562 cell nuclear extract cover a considerably broader region than those generated by Sp1 alone (51) . Thus, it seems unlikely that the positive effect of CpG island sequences on gene expression is solely mediated by the binding of Sp1. However, binding of Sp1 and other proteins, facilitated by the reduced propensity of CpG island DNA to form nucleosomes, may play a role.
In contrast to the integration-dependent effect reported here, the ␣-and ␤-globin gene fusion studies of James-Pederson et al. (22) and the ␣-globin-CAT gene fusion studies of Brickner et al. (7) and Ren et al. (36) also argue for an effect of the internal sequences prior to integration. Whether the effect of CpG island sequences is seen with unintegrated, transiently transfected plasmids appears to correlate with the strength of the reporter gene in that cell type. Reporter genes with promoters that express at low levels and that are significantly augmented by known enhancers also show a positive effect of CpG island sequences in transiently transfected cells (7, 22, 36, 47) . In contrast, reporter genes with promoters that are readily expressed without an enhancer show a CpG island effect only after stable integration. Further, the sequences of the particular reporter gene employed may also play a role. For example, James-Pederson et al. (22) showed a response to the incremental addition of intragenic ␣-globin CpG island sequences fused to the ␤-globin gene reporter sequences in transiently transfected K562 cells. The effect was not dependent upon integration. Neither the endogenous nor a transfecting ␤-globin gene is expressed in K562 cells; thus, the ␤-globin gene sequences may confer negative effects on the ␣-globin-␤-globin fusion gene. In this more repressive context, the positive activities of juxtaposed CpG island sequences are apparent even at the lower levels of chromatinization in transiently transfected cells. In spite of the construct-specific differences in the context in which it is observed, it is clear that CpG islands have the ability to augment the expression of juxtaposed promoters in transfected cells. Furthermore, it is likely that this feature of the ␣-globin gene confers its enhancer independence to transfected cells and accounts for the requirement for intragenic sequence for its full level of expression.
